Murine epidermal Langerhans cells were analyzed with fluorescence microscopy and multicolor flow cytometry for the surface expression of maqjor histocompatibility complex (MHC) class I and class I antigens. Langerhans cells of H-2k haplotype were identified in situ or in epidermal-cell suspensions by their surface expression of the MHC class II determinants I-Ak and I-Ek. More than 90% of class 11-positive Langerhans cells in epidermal-cell suspensions expressed no or barely detectable amounts of MHC class I antigens. Quanti. tation by flow cytometry revealed that H-2k Langerhans cells expressed only 1.6-3.3% as much H-2Kk as did class IInegative keratinocytes in the same epidermal-cell suspensions. By fluorescence microscopy, class I MHC antigens were not detectable on Langerhans cells in situ when analyzed on sheets of intact epidermis. The deficient expression of class I MHC permitted highly purified Langerhans cell populations to be isolated from epidermal cell suspensions by treatment with anti-class I MHC monoclonal antibody and complement. It is likely that the uniquely low cell-surface expression of class I MHC antigen by Langerhans cells has relevance to both immune responses in the skin as well as to mechanisms of skin allograft rejection. In addition, it is conceivable that regulation ofclass I MHC expression on antigen-presenting cells in general is an important but hitherto unrecognized mechanism of immune regulation.
Langerhans cells in epidermal-cell suspensions expressed no or barely detectable amounts of MHC class I antigens. Quanti. tation by flow cytometry revealed that H-2k Langerhans cells expressed only 1.6-3.3% as much H-2Kk as did class IInegative keratinocytes in the same epidermal-cell suspensions. By fluorescence microscopy, class I MHC antigens were not detectable on Langerhans cells in situ when analyzed on sheets of intact epidermis. The deficient expression of class I MHC permitted highly purified Langerhans cell populations to be isolated from epidermal cell suspensions by treatment with anti-class I MHC monoclonal antibody and complement. It is likely that the uniquely low cell-surface expression of class I MHC antigen by Langerhans cells has relevance to both immune responses in the skin as well as to mechanisms of skin allograft rejection. In addition, it is conceivable that regulation ofclass I MHC expression on antigen-presenting cells in general is an important but hitherto unrecognized mechanism of immune regulation.
Murine epidermis is comprised of a heterogeneous population of cells. Langerhans cells (LC) are epidermal cells (EC) that are class II positive and function as potent antigenpresenting and accessory cells. Other normal resident EC include the keratinocytes, which, as the stratified squamous epithelial cells of the skin, constitute about 95% of the cells in the epidermis; the melanocytes; and the recently described bone-marrow-derived, class II-negative, dendritic Thy-ipositive cells (1, 2) . LC represent 1-3% of all epidermal cells and are the only intraepidermal cells to express class II antigens under normal conditions. These bone-marrowderived cells are dendritic in morphology, have distinctive cytoplasmic granules ultrastructurally, bear receptors for the Fc fragment of IgG and the third component of complement fragment C3b, are poorly phagocytic, synthesize and express Ia antigens, are Thy-antigen negative, and have been demonstrated to be critical in the generation of allogeneic, antigen-specific, and mitogen-induced T-cell responses when EC are used as stimulator or accessory cells (3) (4) (5) (6) . The phenotypic and functional characteristics of epidermal LC and splenic dendritic cells have been compared recently, and though distinct differences exist, numerous similarities have been described (7) .
Class I major histocompatibility complex (MHC) antigens, which function as recognition structures and restriction elements for certain T cells, are believed to be expressed on the surface of virtually all mature nucleated cells, including class II-positive cells (8) . Recent studies assessing the phenotype and specificity ofT cells inducing the rejection of skin allografts from mutant mice differing only at a class I MHC locus suggested the possibility that LC might express little or no class I MHC determinants (9) . Therefore, the cell-surface expression of class I and class II antigens on murine EC populations was analyzed in situ and in freshly prepared cell suspensions with fluorescence microscopy, multicolor flow cytometry (FCM), and monoclonal antibody (mAb)/complement-mediated cell-depletion studies. We have determined that class II-positive murine LC bear markedly diminished levels of MHC class I antigens when compared to either other intraepidermal or nonepidermal cell populations, and we propose that this diminished expression of MHC class I determinants by class II-positive LC has relevance to immune responses involving the skin.
MATERIALS AND METHODS
Mice. C3H/HeN (H-2', C3H.KBR (Kb, Ib, D', B10.AL (Kk, k, Dd), and B10.BR (H-2k mice were either purchased from The Jackson Laboratory or were bred in our animal colony and were used at age 8-16 wk. Radiation bonemarrow-reconstituted chimeras, designated as bone-marrow donor -* irradiated recipient, were produced and typed as described (10) . Briefly, recipient C57BL/10 (B10)(H-2 ) mice were irradiated with 950 R from a 137Cs source and were reconstituted 2-6 hr later with 1.5 x 107 bone marrow cells from B10.BR (H-2k) mice that had been depleted of T cells by pretreatment with a rabbit anti-mouse brain serum-a reagent specifically cytotoxic for all T cells-and guinea pig complement. Chimeric animals (B10.BR-*B10) were used no earlier than 4 months after irradiation and bone-marrow reconstitution.
mAbs. Culture supernatant and/or mouse ascites of the following hybridoma cell lines were utilized: 36-7-5S (anti-H-2Kk) (11) ; anti-H-2Kk (11-4.1, Becton Dickinson) (12); 15-3-1S (anti-H-2Kk/Dk) (13) ; 34-1-2S (anti-H-2Kd/Dd) (11); 20-8-4S (anti-H-2Kb/Db) (11); 10-2.16 (anti-I-Ak) ( Cell Preparation and Staining. EC suspensions were prepared from truncal murine skin by trypsinization and enriched for viable cells and bone marrow-derived subpopulations by density gradient centrifugation as described (16, 17) . Spleen cell (SC) suspensions were prepared as described (16) and in certain experiments exposed to trypsinization conditions identical to those used to prepare EC suspensions. Immediately after preparation, cells were divided into aliquots of 106 cells, washed in phosphate-buffered saline (pH 7.4) containing 1% RIA-grade bovine serum albumin (Sigma) and 0.05% sodium azide (wash medium), and directly doublestained by using FITC-and biotin-conjugated mAbs in a four-step procedure. All mAbs were used at a concentration of 1 ,ug per 106 cells, and all incubations were for 30 min at 40C and were followed by three washes with wash medium unless otherwise noted. Cells were first incubated with mAb 2.4G2 for 10 min to prevent Fc binding of reagents and were then incubated with a FITC-conjugated mAb directed against class I, class II, or irrelevant (anti-Leu-1) determinants. Depending upon the FITC-conjugated reagent used, cells were then incubated with the appropriate biotin-conjugated mAb, again specific for either class I, class II, or irrelevant antigens. Cells were then incubated for 10 min with Texas Red (TR)-conjugated streptavidin (TR-SA) (Bethesda Research Laboratories) at a dilution of 1:300. For fluorescence microscopic analysis, after a final washing an aliquot containing =104 cells was mounted under a coverslip on a glass slide and viewed and photographed with a Zeiss Photomicroscope III equipped with a phase condensor and epifluorescence. Class II-positive cells were identified in cell suspensions by their positive staining with reagents directed against I-A and I-E, and the presence or absence of class I MHC staining on class II-positive and class II-negative cell populations was determined. In certain experiments, EC suspensions were treated with mAbs and complement to deplete certain antigen-bearing cells and to attempt enrichment of cells that did not bear these antigens. Briefly, 1 x 108 EC from H-2k mice were incubated with 10 ml of a 1:500 dilution of ascites mAb 36-7-5S (anti-H-2Kk) and a 1:1000 dilution of mAb anti-Thy-1.2 at 4°C for 30 min. After the cells were washed, they were treated with a 1:10 dilution of pooled rabbit complement (Low-Tox-M, Cedarlane, Westbury, NY) at 37°C for 90 min. Viable cells were isolated by density gradient centrifugation as described (17) , washed, stained with FITC-conjugated anti-I-Ak (10-2.16) or control mAb, and analyzed by phase and fluorescence microscopy.
Multicolor FCM. Multicolor FCM was performed as described (18) with a modified Becton Dickinson fluorescenceactivated cell sorter FACS II equipped with (i) the manufacturer's filters and photomultiplier tubes; (ii) argon ion laser for FITC excitation (488 nm); and (iii) pumped dye (rhodamine 6G) laser for TR excitation (590 nm) and interfaced to a Digital Equipment Corporation PDP 11/24. All analyses were performed by using logarithmic amplification, and data were collected and analyzed by using hardware and software designed by the Division of Computer Research and Technology at the National Institutes of Health. Logarithmic amplification was provided by a three-decade logarithmic amplifier constructed from a National Institutes of Healthmodified design of R. Hiebert (Los Alamos, NM). List mode data [forward light scatter, propidium iodide (PI) fluorescence, FITC fluorescence, and TR fluorescence] were collected on 250,000 cells per sample. Cells were prepared and stained as described above, with the exception that, after the final washing, cells were resuspended in 0.5 ml of wash medium, filtered through nylon mesh to remove large aggregates of cells, and kept at 40C until analysis. PI was added to a final concentration of 0.5 ug/ml to each sample just prior to analysis. Collected data were software-gated by using forward light scatter and PI exclusion such that only single, viable cells were analyzed.
Epidermal Sheet Preparation and Staining. Ears were removed from B1O.BR (H-2k mice and BlO.BR-B10 (H2k-+Hf-2b) chimeric mice, and epidermal sheets were obtained after a 20-min incubation at 370C in 0.1 M NH4SCN. The sheets were washed in phosphate-buffered saline, fixed in acetone for 20 min at -20'C, and washed again prior to staining. Sheets were then incubated in a moist chamber at 370C for 16-18 hr with one of three anti-class I reagentseither mAb 36-7-5S (antiH-M2Kk), mAb 11-4.1 (anti-H-2Kk), or mAb 15-3-1S (anti-H-2Kk/Dk)-at 100 Ag/ml. After the sheets were washed, they were incubated with FITC-conjugated affinity-purified F(ab')2 goat anti-mouse IgG (Tago, Burlingame, CA) diluted 1:40 for 1 hr at 370C. The sheets were washed, and free goat anti-mouse binding sites were blocked by incubating the sheets with a 1% mouse IgG solution for 30 min at 370C. For class II staining, the sheets then were incubated with biotin-conjugated mAb 10-2.16 (anti-I-Ak) or irrelevant control biotin-conjugated mAb antiLeu-1 at 100 ,g/ml for 16-18 hr at 37°C. The sheets were washed and incubated with TR-SA at a 1:300 dilution for 1 hr at 37°C and finally washed, mounted on slides, and viewed under the fluorescence microscope.
RESULTS
Fluorescence Microscopic Analysis of Class I MHC Determinants on Class 11-Positive Cells in Cell Suspensions. To determine the level of class I MHC expression on so small a subpopulation of cells, it was necessary to use a doublelabeling technique that would reliably and specifically identify LC and at the same time detect class I MHC antigen expression. With fluorescence microscopy, LC could be identified readily in C3H/HeN (H-2k) EC suspensions stained with anti-I-Ak mAb. However, when double-labeling techniques with mAbs directed against both class I and class II MHC surface determinants were used, >90% of I-Ak+ LC expressed no or barely detectable amounts of H-2Kk, while virtually all I-A-EC (-95% keratinocytes) in the same cell preparation were brightly class I MHC positive (Fig. 1 a, b , and c). Similar findings with respect to diminished surface expression of D-region class I MHC determinants by LC were also observed after double-labeling EC suspensions from B1O.AL mice (Kk, k, D) with mAbs directed against I-Ak and H-2Dd. In contrast, analysis of double-labeled SC, which were used as a control-cell population, revealed that >95% of class II-positive SC, composed primarily of B cells but also of some monocytes, were brightly class I MHC positive.
Multicolor FCM Analysis of Class I and Class II MHC Determinants on EC and SC Subpopulations. Having established that by visual analysis LC expressed markedly less class I MHC antigen than did keratinocytes or Ia' SC, cell suspensions were next analyzed by multicolor FCM to quantify more precisely the relative levels of class I MHC expression. Freshly prepared C3H/HeN (Kk, 1k, Dk) EC and SC and C3H.KBR (Kb, Ib, Dk) EC suspensions were analyzed by multicolor FCM after double-staining with mAbs directed against class I, class II, and irrelevant (anti-Leu-1) determinants. Since by fluorescence microscopy I-Ak+, Kk-LC were frequently noted forming two-cell clumps with I-Ak, Kk+ keratinocytes (Fig. 1 d, e, andf) , and because it has been shown that two-cell aggregates are not excluded from FCM analysis (19) , preliminary FCM analysis was performed to assess the ability to detect such aggregates in these preparations. If a clump such as that depicted in Fig. 1 d, (Fig. 2a, above the horizontal line) , 98.7% of these I-Ak+ cells also expressed the class I determinant H-2Kk (Fig. 2a , upper right-hand portion above the horizontal line). However, when C3H/HeN EC, containing keratinocytes and LC, were similarly analyzed, >90% of the I-Ak+ LC expressed no or barely detectable levels of H-2Kk (Fig. 2b, upper left above the horizontal line) when compared to staining by irrelevant control mAb (Fig. 2e) . Fig. 2 c and i confirmed the specificity of the anti-H-2Kk, anti-I-Ak, and anti-I-Ek reagents used in that no significant staining was detected on C3H.KBR EC (which differ from C3H/HeN only at the K and I loci of H-2). Fig. 2 established between differing cell populations ( Table 1) . These data revealed that intensity of class I MHC staining on a per cell basis was 4.2 to 5.5 times greater on keratinocytes (KC) than on Ia' SC (B cells) (line 1 of Table 1) . However, the level of expression of class I MHC on LC was only 0.09 to 0.14 as much as that detected on B cells (line 2) and only 0.016 to 0.033 as much as that detected on keratinocytes in the same EC preparation (line 3). However, this diminished class I expression was not a product of a general decrease of MHC expression on LC, since the intensity of I-Ak expression on LC was 1.43 to 1.8 times greater than that observed on B cells (line 4).
Effects of Anti-Class I mAb/Complement Treatment of EC Suspensions on LC Density. It was next investigated whether the low expression of a class I MHC determinant by LC might be a useful feature by which EC suspensions could be enriched for LC via the cytolytic removal of keratinocytes, which bear much greater quantities of class I antigens. Indeed, though LC represented only 1% of all cells in a fresh EC suspension, treatment of EC with anti-H-2Kk mAb and 1.8 Values of median channel logarithmic fluorescence for each cell subpopulation were converted to linear units by using standard calibration curves experimentally derived for each amplifier used. Different amplifiers were used for detection of green fluorescence and red fluorescence. Since data in experiment 1 (Exp. 1) were confirmed by using the reciprocal fluorochrome-labeled mAb in experiment 2 (e.g., FITC-anti-H-2Kk in experiment 1 and TR-SAand biotin-conjugated anti-H-2Kk in experiment 2), linear unit values offluorescence intensity could not be compared from one experiment to the next. Therefore, ratios were established within each experiment between subpopulations stained with the same labeled reagents, for which fluorescence intensities were detected by the same amplifier. complement resulted in a 40-fold enrichment in LC. Furthermore, since the dendritic Thy-1+ cell, a normal cell of murine epidermis, also expressed diminished amounts of class I MHC antigen (S.S., S.W.C., S.O.S., D.S., S.I.K., unpublished data), the combination of anti-Thy-1.2 mAb with anti-H-2Kk mAb in the cytolytic treatment ofEC suspensions resulted in a >60-fold enrichment of LC (Fig. 3) . Fluorescence Microscopic Analysis of Class I MHC Expression by LC In Situ. It was very unlikely that the differences in levels of class I MHC expression detected in these studies resulted from the sensitivity of class I MHC molecules to the trypsin treatment that was necessary for the preparation of EC suspensions, since keratinocytes in these EC preparations were brightly positive for class I. Moreover, when SC were subjected to trypsinization conditions identical to those used to prepare EC suspensions, a <10% decrease in the intensity of class I MHC expression by Ia' SC was observed by quantitative FCM analysis. Nevertheless, to exclude the possibility that class I MHC on LC was somehow uniquely sensitive to trypsin, we examined the phenotype of LC in situ by fluorescence microscopic analysis of epidermal sheet preparations that do not require exposure to trypsin or other proteases (20) . To distinguish class I MHC expression on LC from that expressed by surrounding keratinocytes in these epidermal sheets, we utilized radiation bone-marrow chimeric mice (H-2kfH-2b) in which >50% of epidermal LC were of donor origin (I-Ak-positive), while the non-bone-marrowderived surrounding keratinocytes were entirely of host origin (H-2b). In these preparations, the I-Ak dendritic LC failed to express detectable levels of either H-2Kk or H-2Dk as assessed by staining with the mAbs 36-7-5S, 11-4.1, and 15-3-1S, even though these same class I reagents produced bright cell-surface staining of keratinocytes in identically prepared epidermal sheets from control H-2k mice (Fig. 4) .
DISCUSSION
These data demonstrate that the vast majority of resident epidermal Ia' LC express markedly diminished levels of cell-surface class I MHC determinants. The contradiction between our findings and those of Romani et al. (20) concerning the expression of class I MHC antigen on LC may be due to the fact that we used EC suspensions immediately after isolation, whereas they incubated EC at 37°C for (Fig. 2a) (27) . However, these same L3T4' Th cells fail to participate in vivo in the rejection of skin allografts from identical mutant mice expressing the same class I MHC allodeterminants (9) , perhaps because these Th cells never encounter on any single cell in the skin allograft both class I and class II MHC determinants forming the complex that the Th cells would require for activation. In conclusion, the observation that Ia' LC are markedly deficient in their cell-surface expression of class I MHC determinants is important to our understanding of the character and specificity of many immune responses, especially allospecific and antiviral immune responses, that involve the skin. Furthermore, it is possible that control of class I MHC expression by antigen-presenting cells in general may play a previously unrecognized role in mechanisms of immune regulation.
